Because of composite materials' inherent heterogeneity, the field of micromechanics provides essential tools for understanding and analyzing composite materials and structures. Micromechanics serves two purposes: homogenization or prediction of effective properties and dehomogenization or recovery of local fields in the original heterogeneous microstructure. Many micromechanical tools have been developed and codified, including commercially available software packages that offer micromechanical analyses as stand-alone tools or as part of an analysis chain. With the increasing number of tools available, the practitioner must determine which tool(s) provides the most value for the problem at hand given budget, time, and resource constraints. To date, simple benchmarking examples have been developed in an attempt to address this challenge. The present paper presents the benchmark cases and results from the Micromechanical Simulation Challenge hosted by the Composites Design and Manufacturing HUB. The challenge is a series of comprehensive benchmarking exercises in the field of micromechanics against which such tools can be compared. The Level I challenge problems consist of six microstructure cases, including aligned, continuous fibers in a matrix, with and without an interphase; a cross-ply laminate; spherical inclusions; a plain-weave fabric; and a short-fiber microstructure with ''random'' fiber orientation. In the present phase of the simulation challenge, the material constitutive relations are restricted to linear thermoelastic. Partial results from DIGIMAT-MF, ESI VPS, MAC/GMC, finite volume direct averaging method, Altair MDS, SwiftComp, and 3D finite element analysis are reported. As the challenge is intended to be ongoing, the full results are hosted and updated online at www.cdmHUB.org.
Introduction
As the number of commercial modeling tools for manufacturing and designing composite materials is large and keeps growing, it becomes increasingly important to identify the cost versus value of each potential software solution. This necessitates the need for a thorough look at each software candidate to correctly identify the range of applications and limitations of the product as well as provide comparison between competing codes. In addition, as each software increases in sophistication, so does the training time required to use or even evaluate a solution against a specific application. As such, adaption of state-of-the-art integrated computational materials engineering tools by industry can be hampered.
One approach that is successfully being used to accelerate technology development is the adoption of standard benchmarking problems. On the commercial side, software vendors will often distribute releases of software with relevant benchmarking solutions. However, it is not always possible to directly compare competing software using these benchmarking studies because there is no guarantee that the same problem will be solved. On the academic side, many such benchmarking efforts are currently ongoing or available in the literature. Two such examples are the seminal work led by Hinton et al. 1 known as the World Wide Failure Exercise and the quarterly benchmark magazine from NAFEMS (the International Association of the Engineering Modelling, Analysis and Simulation Community). 2 However, these efforts only provide a snapshot of the state of the art at the time of publication. Given that the current norm is for engineering software to be developed and released on a 12-or six-month cycle, these studies can quickly lose relevance to the engineer in industry.
Because of the rapid pace of scientific and software development, it is the authors' opinion that the research, industrial, and governmental communities interested in composites would be better served by a living archive of benchmarking examples that are updated in parallel with publications and software revisions. Such an effort will require a digital collaboration environment that is accessible to the relevant stakeholders. In particular, we propose the composite Micromechanics Simulation Challenge problems, hosted by the Composite Design and Manufacturing Hub (www.cdmHUB.org) as a preliminary example of such a living archive concept. It is envisioned that the cdmHUB will host the results provided by the challenge participants and, to some extent, the software tools themselves. This will allow the community at large to run some of the analyses, vary the inputs, and interpret results. The choice of micromechanics for a challenge problem set is motivated by the fact that (1) composite materials are inherently anisotropic and heterogeneous at the micromechanical scale and (2) microstructure provides the bridge between manufacturing and performance. Prediction of performance and its variability requires modeling of the microstructure and its origins in the manufacturing process.
The Micromechanics Challenge consists of three levels with increasing complexity in material behavior. The problems specified in Level I consider linear thermoelastic, orthotropic constitutive relations. Prediction of effective properties (homogenization) and local fields (dehomogenization or localization) is specified. Level II extends the challenge by introducing nonlinear phase properties, including inelastic (elastic-plastic, viscoelastic, viscoplastic) constitutive relations. Finally, damage and failure prediction including fatigue file prediction under combined mechanical and environmental effects will be addressed in Level III. In addition to effective properties and local fields, the computational efficiency will be an important metric in comparing the tools. It is anticipated that the results from the challenge will compare the relative strengths and trade-offs of the participating tools and identify areas currently unaddressed by the field.
Level I microstructures are highly idealized representation of real heterogeneous materials. Nevertheless, these idealizations are regularly used in the micromechanics field. The microstructures examined in Level I include aligned, continuous fibers in a matrix, with and without an interphase; a 0/90 or ''cross-ply'' laminate; spherical inclusions; a plain-weave fabric; and a ''random'' short-fiber microstructure.
The capability of dehomogenization (localization) is important as prediction of local fields greatly influences the nonlinear behavior, strength, and failure. These phenomena will be treated in the Level II and Level III challenge problems. However, it is fundamental for understanding to benchmark the ability to recover local fields in the first case of linear thermoelasticity.
In the reminder of this paper, we will provide a partial set of the results from the initial set of simulation tool participants completed to date. The problems and results, including data files, is hosted on cdmHUB as a project entitled Micromechanics Simulation Challenge. Interested parties are invited to participate at any time by accessing and contributing to the live database on cdmHUB.
Participating MICROMECHANICS tools
In this paper, various advanced micromechanics tools are used to analyze the Micromechanics Simulation Challenge problems which are briefly described in the ''Results of Level I challenge problems'' section; additional details are available on the cdmHUB. In the following section, the participating micromechanics simulation tools are briefly introduced.
DIGIMAT is a commercial code from eX-stream Engineering that includes a number of micromechanics tools for both homogenization and dehomogenization. 4 DIGIMAT uses two main approaches for homogenization: (1) Mean-field approaches (DIGIMAT-MF) such as the Mori-Tanaka (MT) approach and double inclusion (DI) approach and (2) FEA-based homogenization approaches (DIGIMAT-FE). In this paper only DIGIMAT-MF approaches are used to analyze the challenge problems. Because the mean-field approaches (no discretization needed) are implemented only for homogenization in DIGIMAT-MF, no dehomogenization results are available. Dehomogenization in DIGIMAT is accomplished through the DIGIMAT-FE module by generating a finite element representation of the microstructure and solving the associated boundary value problems.
MAC/GMC is a micromechanics code developed by NASA Glenn Research Center based on Aboudi's micromechanics theories 5 that provides a wide range of capabilities for modeling continuous, discontinuous, woven, and smart (piezo-electro-magnetic) composites. Libraries of nonlinear deformation, damage, failure, and fiber/matrix debonding models, continuous and discontinuous repeating unit cells (UCs), and material properties are provided, and the software is available from NASA Glenn. 6, 7 The software includes both generalized method of cells (GMC) and high-fidelity generalized method of cells (HFGMC) semianalytical models. The basic idea of both approaches is subdividing the microstructure into numerous cuboid subcells and solving for the average strain and stress over each subcell. GMC uses a first-order expansion of the local displacement field while HFGMC utilizes a secondorder expansion of the local displacements. The linear displacement expansion limits GMC to uniform states of stress and strain in the subcells, which results in a lack of normal/shear coupling. Both macro and micro fields along with effective composite and laminate properties are available outputs. A detailed description of both theory and application of GMC and HFGMC is given in Aboudi et al. 5 In the current version, MAC/ GMC 4.0, HFGMC can only handle continuous reinforced (doubly periodic) microstructures.
Finite volume direct averaging method (FVDAM) uses the finite volume method. 8 The development of FVDAM took place in three stages. In the first stage, the linear thermoelastic higher order theory for periodic multiphase materials (HFGMC) originally developed by Aboudi et al. 9 was reconstructed by Bansal and Pindera. 10 The theory's further development leveraged the parametric mapping 11 into the rectangular subvolume-based finite volume theory, which was implemented in Gattu et al. 12 and Khatam and Pindera. 13 This, in turn, facilitated the recent incorporation of the cohesive zone model capability. 14 The third phase of FVDAM's development involved incorporation of enriched subvolume displacement field description which resulted in enhanced interfacial traction and displacement continuity. 15 Currently, FVDAM can only handle doubly periodic microstructures.
Altair recently acquired Multiscale Design System for linking Continuum scales (MDS-C) developed by Fish and Yu. 16 MDS focused on the creation of practical yet rigorous tools for seamless integration of engineering modeling, simulation, testing, and optimization of products involving multiple spatial and temporal scales. MDS is a plug-in to commercial finite element software (ABAQUS, ANSYS, LS-DYNA) that provides multiscale capabilities for commercial codes. Distinguishing features of the MDS-C software are (1) a systematic model reduction technology that reduces complex UCs having hundreds of thousands of finite elements to a manageable number of deformation modes and state variables; (2) an extensible library of parametric UCs; and (3) advanced features such as microstructural optimization, multiscale fatigue, and multiphysics analyses.
SwiftComp is a general-purpose multiscale constitutive modeling code for composites which provides unified modeling for 1D (beams), 2D (plates/shells), or 3D composite structures. This is accomplished using the concept of a structure genome that unifies structural mechanics and micromechanics. 16, 17 SwiftComp can perform homogenization and dehomogenization for a wide variety of periodic, partially periodic, or aperiodic composites structures and materials including laminates, woven composites, stiffened structures, sandwich structures, corrugated structures, and other buildup structures which can be represented by beams, plates/ shells, or 3D structures.
Virtual performance solution (VPS) developed by ESI Group is a multipurpose simulation software package capturing a broad variety of numerical solution strategies including explicit and implicit finite element analysis. Available composite performance modules cover the simulation of inelastic, anisotropic phenomena such as plasticity, strain rate dependence, as well as damage and failure mechanisms. The functionality can be further enhanced by a variety of user interfaces, allowing for the efficient implementation of problem adjusted solutions. The meshing and model generation modules available in VPS allow for a straightforward homogenization of state-of-the-art composite structures according to the HILL-MANDEL condition 18, 19 and the application of periodic boundary conditions. Suitable RVE model can either be obtained from idealized structural and stochastic assumptions or from core samples of a macroscopic composite part. 20 
3D
FEA is also used to analyze the challenge problems because it can be proven that the exact solutions of linear thermoelastic micromechanics problems for periodic materials can be provided by 3D FEA of a UC with periodic BCs with a sufficiently fine mesh. The predictions of 3D FEA are used as the reference for evaluating the accuracy and efficiency of other approaches. It is emphasized the benchmark is the exact solution of the posed mathematical boundary value problem not a physical reality or measurement, such as a modulus value obtained from a tensile test. In this way, the focus is not on how close the models represent a physical reality but how accurately each technique solves the well-posed mathematical problem. The validation exercise of comparison to physical data has obvious and essential merit; however, we argue that such an exercise can only properly be conducted after it is clear how accurately the code solves the problem that is posed. Otherwise, it is unclear whether discrepancies are due to discrepancies between the model and reality or discrepancies between the model and realized solution.
For the 3D FEA benchmark, a mesh refinement study was undertaken to ensure appropriate solution convergence. The results of the mesh refinement study are posted on the cdmHUB. ANSYS was used for all the cases except for Case 2 where ANSYS was unable to generate a quality mesh to provide a converged local stress distribution at the thin interface. Case 2 was solved using ABAQUS. It is noted that ESI and 3D FEA solve the same RVE analysis subject to periodic boundary conditions. Pindera and his team at the University of Virginia obtained FVDAM results on a machine with Windows 7 64-bit operating system (Intel(R) Core(TM) i7-2760QM CPU @ 2.4 GHZ, 8GB RAM). Sebastian Mueller and his team at ESI obtained ESI/VPS results on a machine with Windows 7 64-bit operating system (Intel(R) Core(TM) i7-4810MQ CPU @ 2.80 GHz). Jeffrey Wollschlager at Altair provided MDS results analyzed using an Intel Core i7-4800MQ CPU @2.70 GHz and 16.0GB RAM. Representatives from the cdmHUB team generated MAC/GMC/HFGMC results independently. After reviewing the input files and results, Dr Steven Arnold and his team at NASA Glenn provided input files for the first four cases with few number of subcells and then the four cases were rerun by cdmHUB. The cdmHUB representatives also obtained DIGIMAT, SwiftComp, and 3D FEA results. The cdmHUB representatives used a computer with Window 8.1 64-bit operating system, (Intel (R) Xeno(R) CPU E5-2697 v3 @2.6 GHz, 256GB RAM). Note FVDAM and MAC/GMC do not have parallel computing capability while DIGIMAT, SwiftComp, and 3D FEA can use multiple cores. Consequently, in the results reported below, only one core is used for all the approaches to facilitate runtime comparisons. At the time of writing, the machine information, discretization, and running time of MDS are not reported. With the exceptions of the known inability of the current FVDAM and MAC/HFGMC (version 4.0) to triply periodic (discontinuous) cases and the inability of DIGIMAT-MF to provide local fields, it is expected that other codes can provide all the requested results for the Level I problems, though some results are currently incomplete.
Objectivity and neutrality are central to a benchmarking exercise. To this end, the cdmHUB team (1) let the tool providers review the results and input/ output files well in advance of deadline if cdmHUB generated the results (this applies to MAC/GMC and DIGIMAT); (2) made publically available all the model files, inputs/outputs, result files through cdmHUB; (3) made available SwiftComp, a code developed by one of the coauthors, to any parties interested in verifying the results; and (4) is hosting a live copy of the report on www.cdmHUB.org for the community to comment and debate.
Results of Level I challenge problems
For Level I problems, the effective properties were reported either in engineering constants or as the 6 Â 6 stiffness matrix according to the symmetry of the composite microstructure. The results for local fields are reported along specified paths and in a coordinate system described in each problem statement. The five loading cases were strain controlled, consisting of (a) normal strain in the x 1 direction, (b) normal strain in the x 2 direction, (c) shearing strain in the x 2 -x 3 plane, (d) shearing strain in the x 1 -x 3 plane, and (e) combined normal in the x 1 direction and shearing strain in the x 1 -x 3 plane. In each case, all other components of strain are constrained at zero, inducing stresses in the constrained directions. Note, strain loading option was chosen to isolate loss of accuracy in homogenization and dehomogenization. If stress loading is used, the predicted effective properties (computed by various methods) will be used to compute the macroscopic strain which in turn is used to obtain the local fields. This may result in different macroscopic strains for each method to compute the local fields. Particularly for multiscale modeling, strains are readily available from the macroscopic analysis.
A representative portion of the results at time of writing is presented herein. The complete sets of results are available on cdmHUB. Results and computing time are clearly influenced by the choice of discretization for numerical-based methods like FEA. The choice of discretization was left to the practitioner: no level of mesh refinement was specified. Details of the discretization employed for each tool can be found on cdmHUB.
Six representative microstructures are considered to perform the benchmarking analyses. These are a hexagonal pack microstructure with continuous, collimated fibers; a square-pack microstructure with a thin interphase around continuous, collimated fibers; a 0/90 laminate microstructure with continuous, collimated fibers; a microstructure with spherical inclusions representing either particles or voids; a plain-weave wovenfiber microstructure; and a microstructure consisting of discontinuous, randomly aligned fibers.
The authors provided the details of microstructure geometry and material properties to each participant. Participants created their own models, meshes, and results. It is therefore natural to expect differences in the mesh density for different methods; this is reflected in the results. Participants were given freedom to develop and present results that balance efficiency and accuracy, although SwiftComp was chosen to have the same discretization as 3D FEA.
Case 1: Hexagonal pack microstructure
The first microstructure, shown in Figure 1 , is a hexagonal pack UC commonly used to describe a continuous fiber-reinforced composite. For this case, the effective properties are computed assuming a fiber volume fraction of 60%. Constituent properties utilized are given by Set 1 in Table 1 . The matrix is assumed isotropic while the fiber is transversely isotropic. All nontrivial local stress components are reported along the linear path from ðÀ1=2h, À ffiffi ffi 3 p =2hÞ to ð1=2h, ffiffiffiffiffi ffi 3 = p 2hÞ. For FVDAM, GMC, HFGMC, and SwiftComp, since the material is doubly periodic, a 2D domain is sufficient to predict the full set of effective properties for this case. The 2D UC is discretized to form a 36 Â 62 grid for GMC and HFGMC, and a 38 Â 62 grid for FVDAM. MDS uses 73,441 linear tetrahedral elements. For ESI, the UC is meshed to have 3300 solid elements and for SwiftComp, the UC is meshed with 2300 quadrilateral elements. For 3D FEA to obtain the full set of effective properties, a 3D domain is needed to model this doubly periodic material which was obtained by extruding the mesh of SwiftComp along the fiber direction. Though periodic BCs eliminate thickness dependence in 3D FEA, for meshing considerations it was assumed that the UC has a thickness equal to 10% of its the shorter side with four elements in the thickness directions. The 3D UC has 10,925 hexagonal elements.
The results for the elastic property prediction are given in Table 2 . It is apparent that all tools predict essentially the same effective elastic properties. The greatest challenge appeared to be with shear modulus prediction: GMC underpredicts G 12 by 15%, G 13 by 30%, and G 23 by 10%; MDS overpredicts G 12 and G 13 each by 8%; and DIGIMAT-MF/DI overpredicts G 12 and G 13 by 49%. This last discrepancy is surprising e 23 , and s 12 under combined e 11 and e 13 , respectively. In particular, significant discrepancy is observed for GMC, though HFGMC is in agreement with the trend from FEA, though HFGMC appears to have challenges at interfaces and boundaries. The predictions from FVDAM, MDS, and SwiftComp are in close agreement to 3D FEA. The variation of the local fields along the specified paths shows the local field disturbance in the fiber and matrix. For example, in Figure 2 , as it goes from left to right, the path shows the stress in the fiber, matrix, again fiber, again matrix, and finally fiber which appears to be constant in fiber and matrix. This is consistent with the mean-field approach. However, it is limited to only for e 11 loading. The variation of shear stress distributions for GMC in Figure 3 looks odd as GMC assumes first-order displacement fields which does not allow the model to capture the shear stress variation. The predictions also show opposite trend compared with 3D FEA. It is also noticed that there is no shear stress variation for path x 3 (Àh/2 x 2 h/2). The variation of the shear may be due to numerical artifacts of local heterogeneity. The computational time for each tool is shown in Table 4 . In an effort to provide more detail, the homogenization and dehomogenization computational times are separated where available. For dehomogenization, the time for only one load case is reported. It is noted that times are approximate owing to background processes; it is assumed the effect applies equally to all tools. Perhaps more significant than the rank ordering of computational efficiency is that the differences between various tools span orders of magnitude, with DIGIMAT on the order of 10 À2 s; GMC on the order of 10 À1 s; HFGMC, SwiftComp, and FVDAM on the order of 10 0 s; and MDS, ESI, and 3D FEA on the order of 10 1 s. The DIGIMAT calculation, however, is based on mean field homogenization and does not include dehomogenization.
Case 2: Three-phase interphase microstructure
The second microstructure is a square pack array with an interphase region between the fiber and matrix. The microstructure geometry (not to scale) is shown in Figure 6 . For the prediction of effective properties, it was specified that the volume fraction of the fiber phase was 60% and the volume fraction of the thin interphase be 1%. One set of fiber, matrix, and interphase properties, representative of a generic ceramic matrix composite (CMC), is given in Table 5 . While the fiber and interphase volume fractions differ from typical CMC microstructures, the present microstructure geometry was designed to examine the capability of tools to treat thin interfaces. Further, it should be noted that the fiber properties are orthotropic, despite the fact that the three Young's moduli and the three Poisson's ratios are specified to be the same values because 
For dehomogenization, all nontrivial stress components were requested along x 3 ¼ 0.
A 56 Â 56 grid is used for FVDAM, a 7 Â 7 grid is used for GMC (more refined grid being unnecessary based on the approximate nature of GMC according to the tool authors), and a 240 Â 240 grid (due to the overly thin interface) is used for HFGMC. Note to use a coarse grid in GMC, the UC must be modified in such a way that the fiber volume fraction remains the same. For MDS, the UC is discretized to have 224,488 linear tetrahedral elements. For ESI, the UC is meshed to have 92,160 solid elements and for SwiftComp, the UC is meshed with 3072 quadrilateral elements. For 3D FEA, the UC is meshed with 11,372 brick elements. Table 6 shows that all the tools achieve an excellent prediction for E 1 and u 12 (¼ u 13 ). The major discrepancies occurred for DIGIMAT-MF: MT and DI underpredicted G 12 by 29% and 82%, respectively, and DI overpredicted E 2 and G 23 by 41% and 44%, respectively. Generally speaking, FVDAM, HFGMC, MDS, ESI, and SwiftComp demonstrate excellent agreement with 3D FEA. Representative local stress distributions are shown in Figures 7 to 10 . As it can be seen from Figure 7 , all tools provide excellent agreement for s 11 under e 11 loading, including in the interface region. The one exception is ESI, which captured the trend but not the magnitude of the stress in the interface region. This type of problem, where a vanishingly thin, very compliant material is sandwiched between two stiff materials is known to be challenging for GMC, 21 which is also demonstrated by the properties predictions in Table 6 and local field prediction in Figures 8 to 10 . For more realistic interphase thicknesses, like those in real CMCs, GMC has been shown to provide good approximations of the properties and local fields. 22 ,23 HFGMC prediction of local fields is significantly better than GMC, although not as good as MDS, FVDAM, and SwiftComp.
The computing time of each tool is shown in Table 7 . Here, GMC and DIGIMAT-MF/MT and DIGIMAT-MF/DI are on the order of 10 À2 s; SwiftComp and FVDAM are on the order of 10 0 s, MDS is on the order of 10 1 s; and HFGMC, ESI, and 3DFEA are on the order of 10 2 s. The computing time spread between tools is greater than observed in Case 1. The computational efficiency of GMC is apparent, performing both homogenization and dehomogenization in the same time magnitude order as the semianalytic DIGIMAT-MF methods which only perform homogenization.
Case 3: 0/90 microstructure
The third problem, shown in Figure 11 , is a 0/90 microstructure characterized by two perpendicular rows of three fibers each, with fibers having diameter, D ¼ 5 mm. This microstructure is assumed to be periodic in the x 1 and x 2 directions, representative of a 0/ 90 lamina interface. Though not representative of typical composite laminate microstructures, boundary conditions on the x 3 faces are assumed to be periodic. The fiber volume fraction determines the thickness T and length L. Elastic properties for the fiber and matrix are given in the set 1 properties in Table 1 . The fiber volume fraction is 60%. All nontrivial stress components are reported along the path defined by (L/2, L/ 2, x 3 ). It is noted that the same microstructure can be represented by two UCs with one fiber each stacked on top of each other; indeed results should be independent of the extension of the microstructure in the x 1 and x 2 direction for any method with periodic BCs. A 4 Â 6 Â 6 grid is used for GMC as more refined mesh is believed to be excessive by the authors of the code. For MDS, the UC is discretized to have 286,452 linear tetrahedral elements. For ESI, the UC is meshed to have 61,200 solid elements while for SwiftComp and 3D FEA, the UC is meshed to have 140,400 brick elements to achieve a converged solution. The predicted effective properties are shown in Figures 13 and 15 , GMC predicts a uniform state of shear stress due to the known lack of normal/shear coupling. ESI shows better agreements with 3D FEA than GMC except at the interface as shown in Figures 12 and 14. MSD and SwiftComp are in consistent agreement with 3D FEA. The computational time for Case 3 is shown in Table 9 . GMC achieves similar efficiency as DIGIMAT-MF, on the order of 10 À2 s. MDS is on the order of 10 1 s SwiftComp and ESI are on the order of 10 2 s and 3D FEA on the order of 10 3 s. This is expected due to the fine mesh needed for numerical convergence. MDS is more than 52 times faster than 3D FEA. ESI is about six times faster than 3D FEA, using a mesh with approximately half the number of elements. SwiftComp is 10 times more efficient than 3D FEA while using the same mesh and achieving similar accuracy.
Case 4: Spherical inclusions microstructure
A spherical inclusion microstructure is shown in Figure 16 . The spheres may represent particles or voids. The diameter of the two spheres is 1 and 0.5 mm, respectively. The dimensions of the UC are 2 Â 2 Â 2 mm. The larger sphere is centered at (0.6, 0.6, 0.6) and the smaller sphere is centered at (1.5, 1.7, 1.3). The matrix thermoelastic properties are listed in Table 10 . For the case where the spheres represent particles, the thermoelastic properties of the particles are listed in Table 10 .
The problem was posed as follows: predict the thermoelastic properties of the microstructure for (1) the case where the spheres represent particles and (2) the case (not presented herein) where the larger sphere represents a particle and the smaller sphere represents a void. Local field recovery should also be performed for both cases. All nontrivial stress components should be reported along the linear path from (0,0,0) to (2,2,2). Only the first case, where both spheres represent particles, is presented here.
The UC is meshed with a 5 Â 5 Â 5 grid for GMC. For MDS, the UC is discretized to have 192,086 linear tetrahedral elements. Sixty-four thousand solid elements are used for ESI and 36,694 tetrahedral elements are used for SwiftComp and 3D FEA. The effective homogeneous continuum is not accurately represented by an orthotropic material, thus the predicted elastic properties are reported in the form of the full 6 Â 6 elastic stiffness matrix. The stiffness matrix calculated from each tool is presented in Tables 11 to 17 . The fully populated stiffness matrix obtained by 3D FEA listed below is reproduced by SwiftComp. GMC and DIGIMAT-MF predict an isotropic response, though Table 18 , which shows that GMC À3.37E-3 9.07E-3 1.27E-3 7.57E-3 0.41E-3 À3.37E-3 21.46
À8.86E-3 À1.09E-3 À1.08E-3 À1.96E-3 9.07E-3 À8.86E-3 21.49 MDS: multiscale design system. slightly (5%) overpredicts while DIGIMAT-MF and ESI and SwiftComp show an excellent agreement with 3D FEA.
The predictions of local fields are shown in Figures 17 to 20 . Here GMC fails to recover the local shearing stress fields, as anticipated, though it captures some of the trends in the axial stress. Conversely, the predictions of MDS, ESI, and SwiftComp, for all loading options, show decent agreement with the predictions of 3D FEA. ESI does show slight deviations in the vicinity of the interface region. The computing time for each tool is shown in Table 19 . It is observed that GMC achieves similar efficiency as DIGIMAT-MF which is four orders of magnitude more efficient than 3D FEA. MDS is more than seven times faster than 3D FEA. SwiftComp achieves similar accuracy as 3D FEA with one-fourth of its computing time while ESI takes five times larger than the computing time of 3D FEA.
Case 5: Woven-fiber microstructure
The woven-fiber microstructure shown in Figure 21 is representative of a plain weave fabric where the fibers are oriented along the x 1 and x 2 directions. To avoid the difficulty in creating pointwise anisotropy in the mesh, the constituents are assumed to be isotropic. MAT1 has thermoelastic material properties same as those of particle listed in Table 10 . MAT3 has the same thermoelastic material properties as the matrix listed in Table  10 . MAT2 has E ¼ 300 GPa, n ¼ 0Á22, a ¼ 0Á8 m/ C. The specific weave geometry is provided through an .iges file available on the cdmHUB. For dehomogenization, all nontrivial stress components should be reported along the paths defined by x 2 ¼x 3 ¼0 and x 1 ¼x 2 ¼0.
For GMC, the woven composite with a 4 Â 4 Â 4 grid is used. MDS uses 86,180 linear tetrahedral elements. ESI, 3D FEA, and SwiftComp are meshed with 33,600 brick elements. The predicted effective elastic properties are listed in Table 20 . GMC predicts E 1 and Poisson's ratios accurately and other properties within 10%. DIGIMAT-MF predictions show significant discrepancy ranging from 7% to 47% with 3D FEA. The results from MDS show in good agreement with 3D FEA. ESI, SwiftComp, and 3D FEA effectively predict the same results.
As shown in Table 21 , GMC underpredicts a 1 by 11% and a 2 by 12% while overpredicts a 3 by 12%.
CTEs cannot be obtained from the current version of DIGIMAT 5.1.2 for this case. MDS, ESI, SwiftComp, and 3D FEA achieve an excellent agreement with each other.
The local field recovery is shown in Figures 22 to 25 . It is observed that with the exception of 11 under " 11 loading, GMC fails to recover even the trend of the stress field, instead calculating a response with constant magnitude. The local field predictions of ESI show very good agreement compared with 3D FEA; minor exceptions are for 11 and 13 as shown in Figures 23 and 25 . Conversely, the predictions of MDS and SwiftComp for all loading options show accurate agreement with the predictions of 3D FEA. The computing time for each tool is shown in Table 22 . It is observed that GMC achieves similar efficiency and yet better accuracy than DIGIMAT-MF with four orders of magnitude less computational time than 3D FEA. MDS is more than 32 times faster than 3D FEA. SwiftComp, ESI, and 3D FEA each had identical number of elements; however, SwiftComp exhibited one-sixth the computational time of 3D FEA while ESI required an order of magnitude more computational time than 3D FEA.
Case 6: Short-fiber ''random'' microstructure
The final microstructure, shown in Figure 26 , represents a complex triply periodic short-fiber microstructure. While much physical insight can be gained from simplification of realistic microstructures, the intent of the present microstructure is to challenge the simulation tool in treating very complex geometries. As the intent was not to test the capability of the code to reproduce complex geometries, a single geometry is generated independently and provided to each tool as either a .step or an iges .file, available on www. cdmHUB.org. In this microstructure, the fibers are ''randomly'' oriented by rotations in each of the coordinate directions. The thermoelastic material properties of the fiber and matrix are listed in Table 10 with the particle properties used for fibers. For dehomogenization, all nontrivial stress components should be reported along the linear path from (0,0,0) to (L,L,L).
The UC forms a 62 Â 62 Â 62 grid for GMC, believed to be excessive by the authors of the code. MDS uses 160,906 linear tetrahedral elements. The UC is meshed to have 216,000 solid elements for ESI and 548,999 tetrahedral elements for SwiftComp and 3D FEA. The number of elements is increased to effectively capture the complex features of the short-fiber microstructure. DIGIMAT-MF results are obtained by assuming the aspect ratio of the fiber to be 5 and with orientation (0.33, 0.33, 0.34) and fiber volume ratio of 7.857%. The predicted properties are shown in Tables 23 to 28 . As seen from the predictions outputs, GMC and DIGIMAT-MF predict ''orthotropic'' type behavior (effective properties) for the short fiber composite geometry. The prediction of 3D FEA shows fully populated matrix with anisotropic effective properties but with the additional terms being much smaller than the orthotropic terms (maximum of 4.5%). Hence, orthotropic behavior may be acceptable in some applications. The predictions of GMC are consistently below 3D FEA, but agree within 15%; DIGIMAT-MF agrees with 6% of 3D FEA. The results from MDS show in good agreement with the 3D FEA but over/underpredict for axial-shear anisotropic behaviors. The predictions of SwiftComp reproduce the prediction of 3D FEA as shown in the stiffness matrix while the predictions of ESI show minor discrepancies with 3D FEA.
Regarding effective CTEs (Table 29) , GMC overpredicts a 1 by 15%, a 2 by 21%, and a 3 by 12%, and predicts the off-diagonal CTEs to be zero. DIGIMAT-MF overpredicts a 2 by 10% and predicts the off-diagonal loading, GMC predicts near constant stress magnitude and fails to recover even the trends in the stress field. The local field predictions from ESI capture the trends from 3D FEA. The predictions of SwiftComp for all loading options show accurate agreement with the predictions of 3D FEA. The local field recoveries show significant disturbance along the specified path for each loading. These disturbances are due to the stress interactions between the matrix and the fiber. The computing time for each tool is shown in Table 30 . It is observed that GMC is about 10 times faster than 3D FEA and MDS is more than 619 times faster than 3D FEA. SwiftComp is about six times faster than 3D FEA while ESI required similar computing time as 3D FEA. DIGIMAT homogenization was again on the order of 10 À2 s. 1. Not all the methods are able to accurately predict effective thermoelastic properties and local fields. Different levels of inaccuracy are observed for different quantities and different cases. 2. GMC was shown to be able to solve all problems and provide both effective thermal and mechanical properties and local fields, with minimal input demands and high computational efficiency provided a small number of cells are used to define UC. HFGMC, in general, has better predictive ability than GMC, particularly for local fields. However, it is much more computationally expensive and does not handle triply periodic microstructures in MAC/GMC 4.0. 3. DIGIMAT-MF provides an efficient way to predict effective properties. Generally speaking MT provides better prediction than DI. DIGIMAT-MF cannot yet predict CTEs for Case 5, the woven microstructure. No local field predictions were available through DIGIMAT-MF. DIGIMAT-MF predicts better effective elastic constants than the other highly efficient tool, GMC, for Cases 4 and 6, the spherical microstructure and 3D random short-fiber microstructure. 4. FVDAM can achieve similar accuracy as 3D FEA for continuous reinforced microstructures in homogenization and dehomogenization. FVDAM currently can handle only doubly periodic microstructures. 5. MDS provides generally excellent predictions for many cases except the axial-shear coupling of the stiffness matrix for Cases 4 and 6 are not well predicted and also MDS underpredicts the shear moduli for Case 2. Moreover, there is slight deviation for the minor coupling CTEs for the short-fiber reinforced case. 6. ESI provides generally excellent predictions for all effective properties except for Case 6 where there are slight discrepancies. The local field recovery is also excellent with the exception of interfacial regions. In the current version, ESI VPS is not able to predict CTEs for nonisotropic constituents. 7. SwiftComp consistently maintains excellent agreement with 3D FEA for all the microstructures analyzed in this paper including both effective properties and local fields, except the minor coupling CTEs for the short-fiber reinforced case. 8. As far as efficiency is concerned, DIGIMAT-MF is most efficient for most cases as it does not depend on discretization of microstructure, followed by GMC, SwiftComp, FVDAM, HFGMC, MDS, ESI, and 3D FEA. ESI is more efficient than 3D FEA for the first three microstructures, but is much slower than 3D FEA for the spherical microstructure and woven microstructure, and has a similar efficiency as 3D FEA for the short-fiber microstructure. GMC typically converges to its solution with a coarser discretization than other methods. While efficiency and accuracy are a function of mesh discretization, the choice of mesh size was left to the practitioner. 9. As far as versatility is concerned, currently only GMC, SwiftComp, ESI, MDS and 3D FEA provide the full set of results including the complete set of thermomechanical effective properties and local fields. 10. Tools such as ESI VPS, SwiftComp, and 3D FEA have parallel computing capability, offering a significant reduction in computational time.
As these results provide a snapshot of the state of the art at the time of publication, the problem specifications and a living database of results are hosted online at www.cdmHUB.org. This will allow the community to contribute to, interpret and evaluate the results, and advance the state of composite micromechanics simulation.
